under the electroweak interactions of the Standard Model, its main annihilation channel is into W + W − , while the annihilation into light fermions is helicity suppressed. As pointed out recently, the radiation of gauge bosons from the initial state of the annihilation lifts the suppression and opens up an s-wave contribution to the cross section. We perform the full tree-level calculation of Dark Matter annihilations, including electroweak bremsstrahlung, in the context of an explicit model corresponding to the supersymmetric wino. We find that the fermion channel can become as important as the di-boson one. This result has significant implications for the predictions of the fluxes of particles originating from Dark Matter annihilations.
Introduction
The indirect searches for Dark Matter (DM) are based on detecting excesses in cosmic rays produced by annihilations (or decay) of DM in the galactic halo. The computation of the cosmic-ray fluxes arriving at Earth can be decomposed into two steps: first, one determines the energy spectra of stable SM particles due to the self-annihilations of DM; then, these spectra are propagated from the annihilation region to Earth according to the evolution equations of cosmic rays (see e.g. Ref. [1] for more details). It is clear that the second step is affected by irreducible uncertainties of astrophysical nature, namely the unknown distribution of DM in the halo and the unknown values of the propagation parameters. However, the dependence on the particle physics model describing the DM and its interactions with the Standard Model (SM) only enters into the first step, which is the one we are going to deal with in this paper.
Recently, significant attention has been devoted to include the effects of ElectroWeak (EW) bremsstrahlung in the calculation of the fluxes from DM annihilations [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] (for earlier studies on the impact of gauge boson radiation on DM annihilations or cosmic ray physics, see [13] [14] [15] ). This because, contrarily to the naive expectations, the radiation of EW gauge bosons in the DM annihilation process alters significantly the energy spectra of final particles. In particular, in the case where the DM is a Majorana fermion, it has been stressed [3, 4, 7, 8, 11, 13] that EW bremsstrahlung has the important effect of lifting the helicity suppression of fermionic final states.
Most of the studies on Majorana DM focus on the DM being a gauge singlet. However, having in mind the weakly interacting massive particle candidates for DM, for example the neutralino of the Minimal Supersymmetric Standard Model (MSSM), it is natural not to restrict oneself to a gauge singlet and consider the possibilty that the DM is part of a multiplet charged under the EW interactions. Relevant choices are the ones suggested by the MSSM spectrum: SU (2) L -triplet (wino-like) and SU (2) L -doublet (higgsino-like). Concerning the role of EW bremsstrahlung, when the DM belongs to an SU (2) multiplet even the initial state of the annihilation process can radiate a gauge boson, unlike what happens in the case of a gauge singlet (bino-like) DM.
In this paper, we consider a wino-like DM candidate and we study the importance of the effect of initial EW radiation on the self-annihilation cross section and on the cosmic-ray energy spectra. This has been already studied in Ref. [8] , using an Effective Field Theory (EFT) approach. Although the EFT description of the DM annihilation process allows to grasp the relevant physics, independently of the details of the underlying microscopic model for the interactions, it does not allow to study the regime where the DM mass and the cutoff scale of the EFT are very close to each other. This corresponds to a situation where the sector containing the DM particle and the mediators of the interactions to the SM extends over a limited mass range. In this regime the EFT is not reliable anymore, but on the other hand the effects of EW bremsstrahlung become very important, as we will later see. To overcome this limitation, we have to resort to a specific model for the DM and its interactions and we choose the example of the MSSM interactions among the wino, the SM fermions and their scalar supersymmetric partners (a related work for the case of higgsino-like DM has been recently presented in Ref. [11] ; for wino DM, the inclusion of virtual one-loop and Sommerfeld EW corrections has been studied in Ref. [9] ).
In the next section we present the details of the model we use for the calculations, while in section 3 we comment on the validity and the consequences of the EFT approach. Our main results are discussed in section 4 and section 5 contains some concluding remarks.
The model
Let us introduce the main features of the model we will use throughout the paper. As already anticipated, we consider the DM particle to be like a pure wino of the MSSM, i.e. an electrically neutral Majorana component in an SU (2) L -triplet χ with hypercharge Y χ = 0. The interactions with the generic fermion of the SM, described by the left handed doublet L = (f 1 , f 2 ) T , are mediated by a scalar SU (2) L -doublet φ with hypercharge Y φ = 1/2. More explicitly,
The total Lagrangian of the model is 2) where to the SM Lagrangian L SM density we added
3)
where φ ≡ iσ 2 φ * , being σ i=1,2,3 the usual Pauli matrices. M χ is the tree level mass of the triplet, and we use the convention P R,L = (1 ± γ 5 )/2 for the chiral projectors. M φ is the tree level mass of the scalar doublet and we assume M φ ≥ M χ . Moreover, we neglect the mass splitting between the components of the multiplet generated by loop effects [16, 17] which tends to make the charged component slightly heavier then the neutral one; the size of this effect is of the order of 100 MeV for a TeV-scale DM mass. Despite its simplicity, this toy model provides the subset of the full MSSM lagrangian relevant for DM, where χ is a pure wino and φ plays the role of a left-handed sfermion (slepton or squark). The operators in Eq. (2.5) concide with the wino-fermion-sfermion interactions of the MSSM, provided that one identifies the generic yukawa coupling y χ with g/ √ 2, where g is the SU (2) L coupling constant. The model parameters M χ , M φ , y χ could be related by the relic abundance constraint. However, we do not address the problem to compute the relic abundance in this simple model, which is beyond the scope of this paper. We expect the Sommerfeld effect and the coannihilation channels to play an important role. In what follows, we will treat the model parameters as being completely independent.
Let us now quickly sketch the behaviour of the 2-body DM annihilation channels allowed by the interactions in Eq. (2.2); it is useful to expand the annihilation cross section in powers of the relative velocity v (which is ∼ 10 −3 c in our galaxy today)
where a denotes the s-wave
The other 2-body annihilation channel is into fermions χ 0 χ 0 → ff ; by helicity arguments the swave is proportional to (m f /M χ ) 2 and hence very small for light fermions, while the p-wave suffers from the v 2 suppression. According to this simple analysis one might naively conclude that the W + W − final state is the only (or at least the most important) annihilation channel driving DM phenomenology both in the early Universe and today. But we will show that initial EW radiation can upset this expectation.
Remarks from an effective field theory point of view
Before turning to the results obtained using the model described above, let us pause to make some comments on the EFT description of DM annihilations with EW radiation (we refer the reader to Refs. [4, 8] for more details). This will help to highlight the relevance and the scope of the calculations presented in this paper.
If there is a separation of scales M χ M φ , then it is possible to integrate out from the Lagrangian density in Eq. (2.2) the degrees of freedom of the heavy scalar field φ and end up with effective operators connecting the DM with the SM fields. Up to dimension-6 operators we get
The annihilation channel into massless fermions (χ 0 χ 0 → ff ) is in p-wave, as already anticipated, due to helicity suppression. Since we are considering DM not as a gauge singlet but rather as part of a multiplet carrying a non-zero SU (2) L quantum number, it is possible that a W boson is emitted from the initial legs of the annihilation process (see ISR diagrams in Fig. 1 ). At O(1/r 2 ) the ISR of gauge boson, which can be computed using the operators in Eq. (3.1) [8] , can lift the helicity suppression and its contribution to the s-wave cross section is 1
where we defined the dimensionless parameter
Comparing Eq. (3.2) and Eq. (2.7) a naive estimation shows that for y χ ∼ 1, and in the limit M χ M φ the cross sections for DM annihilation into ff with associated EW radiation can be comparable to, or even bigger than, the one into W + W − . In this regime, the light fermion channel can give a potentially sizeable contribution to the s-wave competitive with the one from di-bosons. However, in the regime M χ M φ the EFT description (3.1) is not reliable anymore and one has to deal with an explicit model for the interactions between DM and the SM particles. Let us now turn to show the results of a complete calculation within the model presented in section 2.
Results and discussion

Cross sections
We consider the 3-body annihilation process
the diagrams are shown in Fig. 1 , where light fermions in the final state can be either leptons or quarks. Notice again that -being DM a neutral particle with zero hypercharge -the emission of neutral Z, γ gauge bosons can occur only through FSR and VIB, leading to the effects already discussed in [4, 13] , while the presence of ISR is a peculiarity of W emission 2 ; therefore for definiteness we present in this Section the explicit result for the cross section considering only the case χ 0 χ 0 → e + L ν L W − , collecting in Appendix A a compendium of the expressions for the annihilation amplitudes both for leptons and quarks in the final state. In the numerical results, we take into account processes where all gauge bosons γ, Z, W ± are radiated. Following the discussion in Sec. 3, we point out that the various contributions to the amplitude can be schematically organized in the following expression
1 Notice that this is a different scaling with r with respect to the one in FSR and VIB, which are O(1/r 4 ) [4, 8] . 2 In Ref. [18] the emission of a gluon, being the DM colorless, involves again only FSR and VIB. In Eq. (4.2) the first term, corresponding to the s-channel gauge boson exchange, and the ISR contribution are present only for 3-body annihilation involving a charged W in the final state.
The cross section for the process χ 0 χ 0 → e + L ν L W − is computed using the amplitudes reported in Appendix A. We are only interested here in the s-wave contributions, so we work in the v → 0 limit. Neglecting all terms suppressed by powers of m W /M χ , the total cross section reads 3 , in the numerical computations all terms are included.
where the first contribution comes from the ISR (diagrams |D + E| 2 ), the second involves the interference between ISR and the s-channel W exchange [diagrams (D + E)F * + c.c.] while the third is a pure s-channel contribution (diagrams |F | 2 ). For comparison we present here also an analytical approximation for the annihilation cross section related to the process χ 0 χ 0 → e + L e − L Z, in which only FSR and VIB contribute; we find To show the importance of EW corrections, in Fig. 2 we show the ratio between the s-wave opened by the 3-body annihilations, summing over the processes in Eq. sections at O(g 6 ) would require to include also the one-loop electroweak corrections to the W + W − channel; here, we keep for simplicity the tree-level result (2.7) as a benchmark for the comparison (see Ref. [9] for the full one-loop results). Increasing |y χ | 2 /r leads to an increase of the relative importance of 3-body processes with respect to W + W − , while increasing M χ makes the EW corrections more effective. For values of the coupling y χ of order unity, the 3-body cross section with ISR can be comparable or even dominate over the 2-body annihilation into gauge bosons. Notice that, in the MSSM, the yukawa coupling is related to the gauge coupling as y χ = g/ √ 2 ∼ 0.5. In the limit y χ → 0, the 3-body cross section approaches the value given approximately by the the last term in Eq. (4.3), which is due to the s-channel W exchange. In the ratio of the cross sections the residual dependence on M χ is in the logarithmic term and it is larger for larger M χ . As soon as the quantity |y χ | 2 /r becomes sizeable, the other terms will dominate and the M χ dependence tends to disappear. The weak increase of the cross section ratio with M χ is apparent from the bottom panel of Fig. 2 .
The ratio of the total cross sections is certainly an appropriate estimator of the relative importance of the 3-body and the di-boson channels. However, the actual observables (the fluxes) are directly related to the differential cross sections per unit of energy. As we are going to show in the next subsection, even in situations where
, the former process can contribute much more significantly than the latter one to the energy spectra of final particles, in given energy bands.
Energy spectra of final stable particles
The analytical calculations of the diagrams in Fig. 1 can be used to derive the energy spectra of stable SM particles originated by DM annihilation events, at the interaction point, i.e. before the astrophysical propagation to Earth. This part necessarily involves numerical techniques to simulate a large number of annihilation events, with the inclusion of EW radiation, and then evolve them according to SM evolution, including QCD showering, hadronization and decays. The simulations were carried out with our own Monte Carlo code (interfaced to Pythia 8 [19] ), as already explained in Refs. [4, 8] .
Working in the approximation of massless external fermions and zero relative velocity we will focus on the case in which the DM triplet is coupled either to the lepton or the quark sector, for which the primary annihilation channels for χ 0 χ 0 → I (including EW bremsstrahlung) are
− Lν e L W + , (4.5)
respectively. Once again notice that the contribution of ISR affects only the channels with the emission of a W . For those involving the γ, Z emission, through FSR and VIB, we use the results of Ref. [4] . In [4] , in order to have also an estimation of the p-wave contribution, the annihilation cross sections were evaluated considering v = 0 and it was performed an expansion up to the order O(1/r 4 ). On the contrary, we work here in the limit v → 0, so we can use the exact analytical expressions.
From the numerical results, we extract the energy distributions of each stable species f
where
kinetic is the kinetic energy of the particle f (distinguishing between total and kinetic energies is obviously relevant only for (anti)protons), and the X reminds us of the inclusivity in the final state with respect to the particle f . The normalization in (4.7) is σ(χ 0 χ 0 → I), where I = I leptons , I quarks , and stands for the sum of all open annihilation channels. In Fig. 3 we plot the resulting dN f /dx for e + , γ, ν = (ν e + ν µ + ν τ )/3,p for specific, but representative, choices of parameters, as originating either from fermion channels with ISR (solid lines) or from W + W − (dashed lines). We set the model parameters as y χ = 2, M χ = 1.5 TeV and r = 1.1; the corresponding ratios of the total cross sections are σ 3−body /σ W W 0.6, for the lepton channel, and σ 3−body /σ W W 1.8 for the quark channel. We consider two different channels, the lepton and quark channels defined in (4.5)-(4.6). The spectra due to ISR result to be competitive with those obtained from W + W − . Interesting features can be extracted from this comparison. For the lepton channel, the very hard positrons can be an order of magnitude more abundant for ISR than for W + W − , due to the contribution of the primary positrons. On the other hand, in the quark channel all final species originate from radiative and/or hadronization processes, except for the primary photons from ff γ (FSR and VIB diagrams); therefore, the resulting spectra are largely dominated by the soft regions x 10 −2 . This fact is even more apparent for the antiprotons, which are copiously generated by the soft W emitted in ISR and by the hadronization of the primary quarks, and they can easily overcome the antiprotons produced in the di-boson channel by two or more orders of magnitude. For both cases of quark and lepton channels, the primary photons from ff γ enhance the spectrum of hard gamma-rays by one or two orders of magnitude with respect to that from annihilations into W + W − . This peak of the gammaray spectrum in the hard region can have very important implications for actual searches (see e.g. Ref. [20] for an analysis of gamma-ray features near the spectrum endpoint).
As already anticipated in the previous subsection, although the ratio of the total cross sections σ 3−body /σ W W is around (or even smaller than) 1, as in the case of the MSSM wino, the resulting energy spectra can differ by orders of magnitude, in some energy bands.
In order to derive from these results the real phenomenological observables one would need to integrate the energy spectra over the diffused source (the DM distribution in the halo) and then propagate them from the annihilation region to Earth, according to the standard equations of cosmic-ray evolution. We expect the pronounced features in the hard regions of the gamma-ray and positron spectra to be preserved after distribution and propagation uncertainties are taken into account.
Conclusions and outlook
In this paper we have addressed the question of how important is the effect of EW bremsstrahlung for the annihilation of DM particles in the galactic halo, assuming that the DM is the neutral Majorana component of an SU (2) L -triplet, like a wino in the MSSM. Our analysis complements that of Ref. [8] , which was carried out in the context of an EFT, in that it applies to a regime where the EFT is not reliable, namely when the DM mass (setting the scale of the annihilation process) is very close to the cutoff scale of the effective theory. Actually, this is precisely the regime where the effects of EW bremsstrahlung are more pronounced. To study this regime, we resorted to make calculations in the context of a simple model corresponding to the MSSM interactions of a wino with SM fermions and their scalar partners.
The DM annihilates predominantly into W + W − , if kinematically allowed. However, the initial state of the annihilation process into light fermions can radiate an EW boson; this process lifts the helicity suppression and contributes to the s-wave cross section. We found that, in a large portion of the parameter space the total cross section into light fermions (with the inclusion of ISR) σ 3−body is comparable to that into di-bosons σ W W , and there are even situations where σ 3−body > σ W W . This happens when the parameter |y χ | 2 /r becomes sizeable, see e.g. Fig. 2 . However, the energy spectra are sensitive to the differential cross sections. Thus, even in situations where σ 3−body < σ W W (e.g. in the case of the MSSM wino) the spectra of final particles can differ by orders of magnitude, in some energy bands. For example, hard positrons, hard gamma rays and soft antiprotons coming from processes with fermion final states and EW bremsstrahlung can be one or two orders of magnitude more abundant than those originating from the di-boson channel. We conclude that EW bremsstrahlung must be taken into account in order to make reliable predictions for indirect DM searches.
Our results can be applied to place limits on the parameters of the model, and hence on the MSSM with wino DM, by e.g. imposing the non-observation of excesses in existing data sets of gamma-ray or antiproton fluxes. For a pure MSSM wino, we expect that the correct relic abundance is obtained for a value of the DM mass in the TeV-range (the actual value is 2.7 TeV in the case of heavy sfermions and including electroweak Sommerfeld effects [21] ), while the spin-independent cross section per nucleon is about 10 −45 cm 2 [16] . This situation is beyond the scope of LHC-7 searches and of ongoing direct detection experiments. Therefore, indirect detection represents the most promising tool to probe this kind of DM candidates, in the near future. In this perspective, a fruitful technique is to study the correlations among the fluxes of the different species, originating from DM annihilations with the inclusion of EW bremsstrahlung; this way, it would be possible to compare observations from different indirect detection experiments and to test the hypothesis that the putative signals have actually a DM origin [22] . 
Notice that we check the consistence of these expression using the Ward Identities for EW SM gauge bosons, namely k µ M Concerning the amplitudes related to the others 3-body final states, we first notice that for the quark channels χ 0 χ 0 → u LdL W − and χ 0 χ 0 → d LūL W + the amplitude for the various diagrams is exactly the same, as dictated by isospin invariance; for the other processes, defining the short-hand notation s W ≡ sin θ W , c W ≡ cos θ W , we find the relations sketched in Tab. 1. Notice, moreover, that for final states involving light quarks the cross sections get an extra color factor N C = 3.
